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USE O F K R Y P T O N - 8 5 FOR 
THE D E T E C T I O N O F PINHOLE F A I L U R E S 

IN G C F R CLADDING 

by 

F . L. Yaggee , A. P u r o h i t , 
and R. B. P o e p p e l 

ABSTRACT 

R a d i o a c t i v e ^^Kr i s u s e d a s a t r a c e r to de t ec t p inhole 
f a i l u r e s in G C F R c ladd ing . H i g h - p u r i t y h e l i u m (99.99% pure ) 
t ha t con t a in s 0.3 p p m ^^Kr is u s e d to p r e s s u r i z e the t ubu l a r 
t e s t s p e c i m e n s , and a G e i g e r - M u e l l e r coun te r i s u s e d to d e t e c t 

Kr in the h e l i u m e n v i r o n m e n t a l gas a s i t l e a v e s the t e s t c h a m 
b e r . Unde r the l e a s t f avo rab l e condi t ions of t e m p e r a t u r e and 
s p e c i m e n p r e s s u r e (760°C and 35.6 a t m ) , it i s e s t i m a t e d tha t 
the s m a l l e s t p inhole f a i l u r e t ha t could be de t ec t ed within 60 s 
would have an o r i f i ce d i a m e t e r of 0.0102 c m (-102 \im.). Using 
l ead sh ie ld ing a r o u n d the G e i g e r - M u e l l e r c o u n t e r to r e d u c e 
b a c k g r o u n d r a d i a t i o n , the e l e c t r o n i c s a s s o c i a t e d with the ^^Kr 
d e t e c t o r wi l l t e r m i n a t e a b i ax i a l c r e e p t e s t at ^^Kr ac t iv i ty l ev 
e l s above 20 c o u n t s / m i n . 

I. INTRODUCTION 

The p u r p o s e of the p r e s e n t r e p o r t i s fivefold: (a) to d e s c r i b e the u s e 
of r a d i o a c t i v e k ryp ton (^^Kr) for the de t ec t ion of p inhole f a i l u r e s in GCFR 
cladding, (b) to i n f o r m i n t e r e s t e d and affected p a r t i e s of p l a n s to u s e ^^Kr in 
Room C L - 1 0 3 of Bui lding 212 a t Argonne Nat iona l L a b o r a t o r y , (c) to acqua in t 
al l p a r t i e s of the m a n n e r in which the ^^Kr wi l l be u s e d and e x h a u s t e d to the 
bui lding s t ack , (d) to define the m i n i m u m ^^Kr c o n c e n t r a t i o n r e q u i r e d for the 
in tended app l i ca t ion , and (e) to p r e s e n t da ta in suppor t of the view tha t the 
quan t i t i e s invo lved and the m e t h o d of d i s c h a r g e wi l l not exceed ERDA s t a n d a r d s 
for the m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n (mpc) of ^^Kr in a i r . On the b a s i s 
of the i n f o r m a t i o n p r e s e n t e d , i t i s p r o p o s e d tha t the quan t i t i e s of ^^Kr to be 
used wi l l not a d v e r s e l y affect ANL p e r s o n n e l work ing in the i m m e d i a t e v ic in i ty 
of Room C L - 1 0 3 n o r be d e t r i m e n t a l to the g e n e r a l pub l i c . 

II, USE O F K R Y P T O N - 8 5 IN G C F R CLADDING STUDIES 

H i g h - p u r i t y h e l i u m tagged with p a r t s - p e r - m i l l i o n quan t i t i e s of ^^Kr wi l l 
be u s e d to i n t e r n a l l y p r e s s u r i z e tube s p e c i m e n s du r ing the m e c h a n i c a l - p r o p e r t y 



studies of Gas-Cooled Fas t Reactor (GCFR) cladding. Shor t - t e rm burs t and 
long-term biaxial creep tes ts will be conducted in a heliunn environment flowing 
at a volume rate of 400 cc/min. These tes ts will encompass a t empera ture 
range between 538 and 760°C, and the specimens will be subjected to in ternal 
p r e s s u r e s between 526 and 7853 psig. The tes t apparatus was used in s imi la r 
studies on Liquid Metal Fas t Breeder Reactor (LMFBR) cladding and has been 
described in detail elsewhere.^ A simplified representa t ion of the overal l 
test system is shown in Fig. 1. 

LABORATORY EXHAUST 
AIR FLOW 
750 ctm 

SOLENOID-
ACTUATED 
ISOLATION 

VALVE 

mSENSOR 
FOR 

SPECIMEN 
FAILURE 

TEST CHAMBER 
Vj'U LITERS 

GAS FLOW-400 cc/mfcl 
OPERATING PRESSURE-0-1 PSie 

ENVIRONMENT GAS 
H I + 156 PPM H j 

V T ' l l 4 0 f f ' AT STP 

Fig. 1. Schematic of Gas Flow through GCFR Cladding 
Test Equipment. Neg. No. MSD-62620. 

The test apparatus accommodates 32 specimens a r ranged in four 
bundles or c lus te rs , each containing eight specimens. The eight specimens 
of one bundle a re attached to a common manifold and a r e p r e s su r i zed s imul
taneously from a 1-liter, h igh-p ressu re gas - s to rage vesse l . Each specimen 
bundle is p ressur ized from a different gas - s to rage vesse l , and each p r e s s u r 
izing system contains a p r e s s u r e gauge with e lec t r ica l contacts . When speci
men failure resul ts in a drop in p r e s s u r e , the closing of the e lec t r ica l contacts 
actuates the solenoid valve in the pressur iz ing line, which automatical ly isolates 
the specimen bundle from its h igh-p ressu re gas source. When specimen 
failure by wall perforation is so small that ^^Kr can leak out without a drop in 
specimen p r e s s u r e , the Geiger-Mueller (G-M) counter in the effluent gas 
s t ream will detect the ^^Kr activity and also initiate the closing of the solenoid 
isolation valve. Therefore, the ^Kr t r a c e r re leased to the tes t chamber will 
be exhausted to the building stack through a 3/8- in . -outs ide-diameter (OD) 
copper exhaust line. 

The environmental gas is commercia l high-puri ty helium that contains 
a maximum of 156 ppm Hj. It is supplied by four gas bott les, each at 2640 n<5io 



p r e s s u r e , and each contains ~285 ft̂  (8067 l i ters) of gas at standard t empera 
ture and p r e s s u r e (STP) conditions. The environmental gas contains a maxi
mum of 38 ppm H2O before it enters the tes t chamber through a 3/8-in,-OD 
copper line. A regulated supply-line p r e s s u r e of 5-20 psig is expected to 
produce the 400-cc/min gas flow ra te through the tes t chamber, which will 
operate at or near a tmospheric p r e s s u r e (O-10 in. of H2O). The check valve 
in the supply line will prevent b a c k - p r e s s u r e surges and possible ^^Kr flow 
toward the environmental gas supply. 

The 156 ppm of H2 in the environmental helium gas is well below the 
8% H2 concentration that has been found inherently safe with respec t to explo
sion hazard when mixed with air in all proportions.^'^ The subsequent addition 
of 38 ppm H2O is not expected to adversely affect the inherently safe charac te r 
of the environmental gas mixture . Argon-H2 mixtures will be avoided because 
of the potential explosion hazard identified with cer ta in H2 concentrations.^ 

The bottles of helium gas that supply the gas environment will be r e 
plenished in pa i r s to avoid unscheduled tes t interrupt ions. The depletion ra te 
of gas-bottle pa i r s at a gas flow ra te of 400 cc/min will be 

(2 X 8067 X 2525/2600) -r (0.4 x 60 x 24) = 27 days. 

Therefore, the environmental gas bottles will be replaced in pa i r s at 27-day 
intervals. 

III. KRYPTON-85 CONCENTRATIONS 

Test specimens v/ill be p re s su r i zed with ahelium-^^Kr gas mixture that 
contains 0.3 ppm ^^Kr supplied by a standard gas cylinder at 2200 psig p r e s s u r e . 
The total gas volume at STP is 213 ft̂  (6029 l i te rs ) . The 2.7-Ci activity level 
of the cylinder will be below the 3-Ci/cylinder activity l imit imposed by t r a n s 
portation regulat ions. All quantities of ^^Kr re leased to the tes t chamber will 
be exhausted, with the environmental gas, to the atmosphere through the build
ing stack. The rat ionale and the calculation methods used in this a s sessment 
are given in Appendixes A-C and Figs . 2-8 (in Appendix C). 

Figure 4 shows the initial or maximum ^^Kr flow ra tes as a function of 
total p r e s s u r e for two orifice s izes . These data assume a 0.3-ppm ^^Kr con
centration in helium and encompass the tempera ture and p r e s s u r e ranges of 
interest , namely, 538-760°C and 523-7853 psig. Pinhole-type cladding failures 
are simulated by orifice d iameters of 2.54 x 10""̂  and 2.54 x 10"^ cm. (Here
after, to facilitate calculat ions, specimen p r e s s u r e s will be given in atmo
spheres or dynes/cm^. ) Data in Fig. 4 indicate that, for a given orifice size 
(2.54 x 10"^ cm), the grea tes t difficulty encountered in the detection of pinhole-
type specinaen failures will be at the lowest specimen p r e s s u r e and the highest 

*1 atm = 14.696 psi = 1.0132 x 106 dynes/cm2. 



s p e c i m e n t e m p e r a t u r e . Since c ladding fa i lu re by v io lent r u p t u r e i s often 
p r e c e d e d by a pinhole leak, r ap id de tec t ion of the s m a l l e s t p inhole l eak i s 
p o r t a n t to the study of f a i lu re m e c h a n i s m s . ^ In a l l the following c a l c u l a t i o n s , 
r ap id and comple t e mix ing is a s s u m e d be tween the ®^Kr r e l e a s e d f r o m the 
s p e c i m e n and the e n v i r o n m e n t a l gas in the t e s t c h a m b e r . 

F i g u r e 5 shows tha t , a t 760°C and a s p e c i m e n p r e s s u r e of 35.6 a t m , the 
^^Kr flow r a t e th rough an o r i f i ce with a d i a m e t e r of 2.54 x 1 0 ' ' c m r e m a i n s 
e s s e n t i a l l y cons t an t for the f i r s t 1000 s and then beg ins to d e c r e a s e a p p r e c i a 
bly. F i g u r e 6 i n d i c a t e s tha t the vo lume r e l e a s e of h e l i u m and ®*Kr to the t e s t 
c h a m b e r th rough a c ladding pinhole f a i l u r e of the s a m e o r i f i c e s i z e i s a l s o 
cons t an t dur ing the f i r s t 1000 s. Since the flow r a t e of the e n v i r o n m e n t a l gas 
p a s t the G-M coun te r loca ted in the effluent gas s t r e a m is 400 c c / m i n , the 
^^Kr r e l e a s e d to the t e s t c h a m b e r wil l be swept p a s t the d e t e c t o r a t the s a m e 
r a t e . 

The capab i l i t y of the G-M c o u n t e r to d e t e c t a s p e c i m e n f a i l u r e of th i s 
s i ze depends upon the c o n c e n t r a t i o n of ®^Kr p a s s i n g the c o u n t e r p e r m i n u t e and 
the coun te r efficiency. The l a t t e r i s affected by the e s t i m a t e d 50% a r e a l t r a n s 
p a r e n c y of the s t a i n l e s s s t e e l window in the count ing channber (5.08 x 10" c m 
in d i a m e t e r by 7.62 x 10"^ c m thick) and the ef f ic iency with which the c o u n t e r is 
sh ie lded aga in s t n o r m a l b a c k g r o u n d r a d i a t i o n . F o r a t o t a l l y u n s h i e l d e d counter , 
the n o r m a l background r a d i a t i o n p r o d u c e s ~200-400 c o u n t s / m i n . The g a s -
exhaus t s y s t e m is c o n s t r u c t e d so that 100% of the effluent gas s t r e a m p a s s e s 
the G-M coun te r . 

F i g u r e 6 shows tha t 3.1 x 10 '^ l i t e r of ^^Kr and 6.5 x 10"^ l i t e r of he l ium 
wi l l be r e l e a s e d to the t e s t c h a m b e r du r ing the f i r s t 60 s t h r o u g h a p inhole 
f a i l u r e with an o r i f i ce d i a m e t e r of 2.54 x 10"^ c m when a s p e c i m e n i s p r e s 
s u r i z e d to 35.6 a t m . Since both t h e s e v o l u m e s a r e s m a l l c o m p a r e d wi th the 
15 - l i t e r t e s t - c h a m b e r v o l u m e , ^^Kr di lu t ion wil l be d e t e r m i n e d so l e ly by the 
vo lume of the t e s t c h a m b e r . The ac t i v i t y of the ^^Kr r e l e a s e d to the t e s t 
c h a m b e r and the capab i l i t y of the G-M c o u n t e r to d e c t e c t the ac t i v i t y can be 
de te rnnined by us ing the d e c a y c o n s t a n t for ^^Kr f r o m Appendix B [\ = 1.22791 x 
10"^ d i s i n t e g r a t i o n p e r minu t e ( d p m ) / a t o m ^^Kr]. 

(a) Act iv i ty of ^^Kr r e l e a s e d to the t e s t c h a m b e r in 60 s 

[^^Kr ( l i t e r s ) x \ x 6.03 x lO" ] T 22.4 = dpm 

(3.1 X 10"^ X 1.22791 X 10"^ x 6.03 x l o " ) f 22.4 = l.OZ x 10^ dpm. 

(b) C o n c e n t r a t i o n of ^^Kr in the t e s t channber in 60 s 

^^Kr ac t iv i ty x di lut ion fac tor = d p m / l i t e r 

(1.02 x 10^) X (3.1 X 10"^ -7 15) = 2.11 x 10"^ d p m / l i t e r . 



(c) Ac t iv i ty ^^Kr p a s s i n g G-M c o u n t e r in 60 s 

^^Kr c o n c e n t r a t i o n x flow r a t e = dpm 

2.11 X 10"^ x 0.4 = 8.44 x 10"^ dpm. 

C o n s i d e r i n g a 50% a r e a l t r a n s p a r e n c y of the window in the count ing 
c h a m b e r , the ^^Kr ac t i v i t y d e t e c t e d by the G-M c o u n t e r wi l l be 0.5 x 8.44 x 
10"^ = 4.22 X 10"^ dpm. Th i s l e v e l of a c t i v i t y would not be d e t e c t e d by the 
G-M c o u n t e r , even when the c o u n t e r i s h e a v i l y sh ie lded . (A 2 - i n . - t h i c k l ead 
shield a r o u n d the G-M c o u n t e r i s expec t ed to r e d u c e backg round r a d i a t i o n to 
~10 coun t s /min . ) Since a f a c t o r - o f - 1 0 i n c r e a s e in o r i f i c e s i ze p r o d u c e s a 
10^ i n c r e a s e in flow r a t e ( F i g . 4) , the d i a m e t e r of the s m a l l e s t p inhole f a i l u r e 
de tec ted wi th in 60 s u n d e r l e a s t f a v o r a b l e condi t ions of t e m p e r a t u r e and spec i 
m e n p r e s s u r e ( F i g s . 5 and 6) i s e s t i m a t e d to be -1 .02 x 10~^ c m . The ^^Kr 
ac t iv i ty r e l e a s e d by an o r i f i ce of t h i s s i z e and de t ec t ed by the G-M coun te r i s 
given by (R2 -7 Ri) x 4.22 x 10"^ dpm, w h e r e R^ and R2 a r e the r a d i i of the o r i 
fice. T h u s , the ^Kr ac t iv i ty d e t e c t e d by the G-M c o u n t e r dur ing the f i r s t 60 s 
after the p inhole f a i l u r e o c c u r s i s 

The m p c l eve l for ^^Kr d i s c h a r g e d to the a t m o s p h e r e is l i m i t e d to 
6.66 X 10^ d p m / l i t e r by ERDA r e g u l a t i o n s . ^ Us ing a 2.12 x 10"* ven t i l a t o r d i lu
tion factor^ (750-c fm airf low) and a 10^ s t a ck di lut ion factor ,^ the ^^Kr c o n c e n 
t r a t i o n e x h a u s t e d to the s t ack , and s u b s e q u e n t l y to the a t m o s p h e r e within the 
L a b o r a t o r y p e r i m e t e r , in the f i r s t 60 s wi l l b e : 

(a) Stack 

[17.2 (dpm) -j- (flow r a t e ) ] x v e n t i l a t o r di lut ion 

(17.2 -I- 0.4) x 2.12 x 10"^ = 9.11 x 10"^ d p m / l i t e r . 

(b) A t m o s p h e r e wi th in L a b o r a t o r y p e r i m e t e r 

9.11 X 10"^ X 1 x 10"^ = 9.11 X 10"^ d p m / l i t e r . 

T h e s e q u a n t i t i e s a r e 1.37 x 10"^ and 1.37 x 10"^° m p c , r e s p e c t i v e l y , and r e 
ma in e s s e n t i a l l y c o n s t a n t for 1000 s and then d e c r e a s e ( F i g s . 5 and 6). T h e r e 
fore , the r e l e a s e of t h e s e c o n c e n t r a t i o n s of ^^Kr to the a t m o s p h e r e a r e of no 
c o n s e q u e n c e to the e n v i r o n m e n t . 

IV. E F F L U E N T GAS ACTIVITY 

The l a r g e s t ^^Kr c o n c e n t r a t i o n s e x h a u s t e d to the a t m o s p h e r e wi th the 
effluent gas s t r e a m wi l l o c c u r a f te r s i m u l t a n e o u s f a i lu re by v io len t r u p t u r e 
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of s e v e r a l s p e c i m e n s in each of the four s p e c i m e n bundles and by nnalfunction 
of the i so l a t i on va lve in each p r e s s u r i z i n g systenn (F ig . 2). Should t h e s e un
l ikely even t s o c c u r , the e n t i r e gas m i x t u r e of h i g h - p r e s s u r e h e l i u m and 
0.3 ppm ^^Kr in each of the four s t o r a g e v e s s e l s wi l l d i s c h a r g e into the t e s t 
c h a m b e r . The d e p r e s s u r i z a t i o n of a s ing le g a s - s t o r a g e v e s s e l a t an in i t i a l 
p r e s s u r e of 534.36 a t m is c h a r a c t e r i z e d by the c u r v e s in F i g s . 7 and 8. The 
chronology of events dur ing such r ap id d e p r e s s u r i z a t i o n i s expec t ed to be a s 
fol lows. 

The high flow r a t e tha t r e s u l t s f r o m the sudden r e l e a s e of the h e l i u m -
^^Kr gas m i x t u r e wil l c a u s e the c h e c k va lve in the e n v i r o n m e n t a l gas supp ly 
l ine to c l o s e and p r e v e n t b a c k - s t r e a m i n g of ^^Kr to the e n v i r o n m e n t a l gas 
s o u r c e . Since the t e s t c h a m b e r o p e r a t e s e s s e n t i a l l y a t a t m o s p h e r i c p r e s s u r e , 
the d i s c h a r g i n g gas wil l exhaus t con t inuous ly to the s t a ck . A s s u m i n g each of 
the four s t o r a g e v e s s e l s a r e at the m a x i m u m p r e s s u r e of 534.36 a t m when the 
event o c c u r s , the d i s c h a r g e s of h e l i u m and ®^Kr to the s t a c k can be d e t e r m i n e d 
by m e a n s of F i g s . 7 and 8. F i g u r e 7 shows tha t flow r a t e s for h e l i u m and *^Kr 
wil l be 5.2 x 10^ and 3.2 x 10"^ c c / s , r e s p e c t i v e l y , and wil l r e m a i n r e l a t i v e l y 
cons t an t for the f i r s t 60 s of the d e p r e s s u r i z a t i o n . D e p r e s s u r i z a t i o n i s c o m 
ple te in -420 s (-7 min) . F u r t h e r m o r e , the v o l u m e of h e l i u m d i s c h a r g e d f rom 
each s t o r a g e v e s s e l is l a r g e r by a f a c t o r of 345 than the t e s t c h a m b e r vol t ime; 
t h e r e f o r e , the Kr di lut ion f ac to r i s e s s e n t i a l l y tha t r e p r e s e n t e d by the gas 
m i x t u r e of h e l i u m and 0.3 ppm ®^Kr. 

The v o l u m e s of h e l i u m and ^^Kr r e l e a s e d to the r o o m v e n t i l a t o r duct 
wi l l be a m a x i m u m dur ing the f i r s t 60 s of d e p r e s s u r i z a t i o n and then wi l l d e 
c r e a s e s igni f icant ly ove r the s u c c e e d i n g 3600 s (60 m i n ) , a s i nd i ca t ed in F i g . 7. 
F i g u r e 8 shows tha t the v o l u m e s of h e l i u m and " K r r e l e a s e d f r o m each s t o r a g e 
v e s s e l to the r o o m - v e n t i l a t o r duct du r ing the f i r s t 60 s wi l l be 2 .5 x 10^ and 
5.6 X 10"^ l i t e r s , r e s p e c t i v e l y , and the h e l i u m di lu t ion f ac to r wi l l be the r a t i o 
of t h e s e v o l u m e s (2.24 x 10" ' ) . 

(a) ^^Kr ac t iv i ty a t the v e n t i l a t o r duct in 60 s 

(4 X 5.6 X 10"^ X 6.03 X l O " x 1.22791 x lO"'') f 22.4 -

7.40 X l o " dpm. 

(b) ^^Kr c o n c e n t r a t i o n at the ven t i l a t o r duct in 60 s 

(7.40 X lo '^ -: 0.4) X 2.24 x 10"'' x 2.12 x 10"* = 

8.78 X 10^ d p m / l i t e r =- 1.3 x 10" ' m p c . 

(c) ^^Kr c o n c e n t r a t i o n r e l e a s e d to the a t m o s p h e r e in 60 s 

8.78 X 10' X 1 X 1 0 - ' = 8.78 x 10"" d p m / l i t e r - 1.3 x 10"^ m p c . 
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Dur ing the second 60 s of s t o r a g e - v e s s e l d e p r e s s u r i z a t i o n , ~6 x 10 
l i t e r s of h e l i u m and 1.68 x 10" l i t e r of ^^Kr wi l l be exhaus t ed to the s t a ck , and 
the h e l i u m di lu t ion f ac to r wi l l be ~2.8 x 10" ' . The ^^Kr c o n c e n t r a t i o n r e l e a s e d 
to the a t m o s p h e r e wi l l be 8.06 x 10""* d p m / l i t e r o r 1.21 x 10"^ m p c . F o r a l l 
subsequen t 1-min i n t e r v a l s to c o m p l e t e d e p r e s s u r i z a t i o n of a l l s t o r a g e v e s 
s e l s , the a m o u n t of ^^Kr r e l e a s e d wi l l d i m i n i s h ; t h e r e f o r e , the a t m o s p h e r i c 
c o n c e n t r a t i o n should n e v e r exceed o r a p p r o a c h the 6.66 x 1 0 ^ - d p m / l i t e r m p c 
se t by ERDA r e g u l a t i o n s . Addi t iona l p r e c a u t i o n s wi l l be t a k e n to e n s u r e safe 
u t i l i za t ion of the r a d i o a c t i v e ^Kr gas s p e c i e s and wil l a l so inc lude the 
following: 

1. The e n t i r e s y s t e m ( F i g . l) wi l l be checked for h e l i u m t i g h t n e s s a t 
p r e s s u r e s up to 15 p s i g . T h i s wi l l e n s u r e c o m p l e t e c o n t a i n m e n t of the ^^Kr 
within the t e s t a p p a r a t u s b e f o r e i t i s d i s c h a r g e d to the s t ack . 

2. No m o r e than two s t o r a g e v e s s e l s wi l l be in o p e r a t i o n a t any one 
t ime at the m a x i m u m p r e s s u r e of 534.36 a t m . 

3. E q u i p m e n t o p e r a t o r s and o t h e r p e r s o n n e l occupying R o o m C L - 1 0 3 
will be r e q u i r e d to c a r r y r a d i a t i o n m o n i t o r s . 

4 . Ai r m o n i t o r s wi l l be u s e d in R o o m C L - 103 as r e c o m m e n d e d by the 
Building 212 r a d i a t i o n - s a f e t y r e p r e s e n t a t i v e . 

5. All l i n e s wi l l be p u r g e d wi th 100% h e l i u m gas be fo re the a p p a r a t u s 
is opened a t the conc lu s ion of each t e s t r u n o r when a t e s t r u n i s i n t e r r u p t e d . 
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APPENDIX A 

Gas Flow th rough an Or i f i ce 

It i s a s s u m e d tha t h e l i u m and *^Kr flow r a t e s t h rough an o r i f i c e a t 
i leva ted t e m p e r a t u r e a r e adequa te ly r e p r e s e n t e d by 

nP^R^ 
Flow r a t e - c c / s , (A-^) 

w h e r e 

a n d 

P J - p r e s s u r e d i f fe rence a c r o s s o r i f i c e , in d y n e s / c m ; 

R = or i f i ce r a d i u s , in c e n t i m e t e r s ; 

t = o r i f i ce length, in c e n t i m e t e r s ; 

T\ = gas v i s c o s i t y , in p o i s e s . 

F l o w - r a t e c a l c u l a t i o n s d e r i v e d f r o m Eq. A. 1 a s s u m e tha t a c i r c u l a r 
o r i f i ce i s an adequa te s i m u l a t i o n of a p i n h o l e - t y p e s p e c i m e n f a i l u r e . Since 
p inhole f a i l u r e s in L M F B R c ladding o c c u r a t low d i a m e t r a l s t r a i n s (~4%),^ 
the o r i f i ce length (t) i s t aken as 4.389 x 10"^ c m ( -0 .96 x s p e c i m e n wal l ) . 
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APPENDIX B 

Krypton-8 5 Decay Constant 

Decay of any radioactive atom species is given by 

N = No exp(-\t), (B.l) 

where 

NQ = number of radioactive atoms at reference time t; 

N = radioactive atoms after time At; 

and 

X. = decay constant, in dpm/atom. 

Rewriting Eq. B.l and setting NQ/N = 2 when ti/2 = 10.74 yr, X is calculated 

as 

or 

X = (-In 2) -i- (10.74 X 365 x 24 x 60), 

\ = 1.22791 x 10"'' dpm/atom. 
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A P P E N D I X C 

S y s t e m - v o l u m e Re l a t i ons 

A s impl i f ied r e p r e s e n t a t i o n of one of four s p e c i m e n - p r e s s u r i z i n g s y s 
t e m s in the M a r k - I I Biax ia l C r e e p T e s t e r is shown in F i g . 2. Dur ing long-
t e r m biaxia l c r e e p t e s t s , each of the four g a s - s t o r a g e v e s s e l s ( V Q S ) o p e r a t e s 
a t a different p r e s s u r e (Pj > Pz > P j > P4) and each p r e s s u r i z e s a s e p a r a t e 
bundle of e ight s p e c i m e n s . A p p r o x i m a t e l y 100 in. of h i g h - p r e s s u r e tubing 
connec t s each s p e c i m e n bundle to i t s h i g h - p r e s s u r e gas s o u r c e . A so leno id -
ac tua ted valve i s o l a t e s each s p e c i m e n bundle f r o m i t s h i g h - p r e s s u r e gas 
s o u r c e when s p e c i m e n fa i lu re h a s o c c u r r e d . About 80 -8 5% of the v o l u m e of 
each s p e c i m e n i s d i sp l aced with a sol id s lug to r e d u c e the v o l u m e of h igh -
p r e s s u r e gas within the s p e c i m e n . Th is a p p r o a c h e l i m i n a t e s d e f o r m a t i o n 
af ter s p e c i m e n fa i lu re has o c c u r r e d whi le the h i g h - p r e s s u r e gas i s be ing 
d i s s ipa t ed . 

S t o r a g e - v e s s e l vo lume (Vg.^) 1 l i t e r 

Spec imen vo lume (Vg) 3.50 cc 

P r e s s u r e - l i n e vo lume (Vp.^,) 1.24 cc 

D i s p l a c e m e n t - s l u g vo lume (V^jg) 2.87 cc 

Vsys = Vg^ + V + ( ^ s - Vds) . 

a n d 

V sv « 0 . 9 9 V s y s , 

w h e r e Vgyg is the s y s t e m v o l u m e . Idea l gas b e h a v i o r i s a s s u m e d for the 
helium-^^Kr gas m i x t u r e , b e c a u s e both gas s p e c i e s have r e l a t i v e l y low c r i t i c a l 
p r e s s u r e s ( P Q ) and t e m p e r a t u r e s (T^).^ ( F o r h e l i u m , P ^ = 2.26 a t m and 
Tc = -269 .9°C; for " K r , P c = 54.3 a t m and T^ = -63 .8°C.) 

The gas v i s c o s i t y da ta in F ig . 3 (Ref. 9) and Eq. A. 1 a r e u s e d to ca l cu 
l a t e h e l i u m and ^^Kr flow r a t e s (cc / s ) and v o l u m e s ( l i t e r s ) r e l e a s e d to the 
t e s t c h a m b e r as a r e s u l t of s p e c i m e n f a i l u r e o r sudden d e p r e s s u r i z a t i o n fol
lowing equ ipmen t mal func t ion . M a x i m u m *^Kr flow r a t e s in a gas m i x t u r e 
tha t con ta ins 0.3 p p m ^^Kr a r e p lo t ted in F i g . 4 as a function of t o t a l s y s t e m 
p r e s s u r e . T h e s e da ta e n c o m p a s s the t e m p e r a t u r e r a n g e 538-760°C and the 
p r e s s u r e r a n g e 35 .6-534 .36 a t m for flow r a t e s t h rough o r i f i c e s with d i a m e t e r s 
of 2.54 X 10""* and 2.54 x 10"^ cm. F i g u r e 4 shows tha t the ^^Kr flow r a t e (a) 
i n c r e a s e s by a fac to r of 15 as the s y s t e m p r e s s u r e i n c r e a s e s f rom 35.6 to 
534.36 a t m at cons t an t t e m p e r a t u r e and o r i f i ce s i z e , (b) d e c r e a s e s by a f ac to r 
of 1.17 as the gas t e n n p e r a t u r e i n c r e a s e s f rom 538 to 760°C at c o n s t a n t s y s t e m 
p r e s s u r e and or i f i ce s i z e , and (c) i n c r e a s e s by a fac to r of 10* for a f ac to r -o f -
10 i n c r e a s e in o r i f i ce s i z e , at c o n s t a n t gas t e m p e r a t u r e and p r e s s u r e . 
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